The Debye temperature and the total mean square relative atomic displacement (MSRD) of nanosolids are investigated using an atomistic model from the perspective of size dependent cohesive energy correlation. A shell-core configuration of nanosolids and the coupling contributions of energy gain caused by coordination reduction, pressure, and temperature have been taken into account. This atomistic model allows us to identify details of Debye temperature and total MSRD of metallic nanosolids as a function of solid size, pressure, and temperature. The theoretical predictions are consistent with experimental measurements and computational results.
Introduction
By virtue of their high surface-to-volume ratios, nanosolids give excessive free energy to systems leading to metastable states comparable to the bulk. 1, 2 Thus, the surface effect of nanosolids plays a crucial role in their relevant physical and chemical properties. Also, the number of atoms constituting individual particles is an important factor in determining the crystalline structure and energy state of a material. 3 In comparison to atoms in the bulk interior, the undercoordinated atoms at the surface layers of nanosolids have different bond interaction energies. Evidently, the spontaneous surface stress induced by solid size or external stimuli such as pressure and temperature would change the lattice parameters, which affect intrinsic interatomic distances and modify the energies of the bonding electrons. 4 As a consequence of the joined effects of binding energy and phonon variation, the mean square relative atomic displacement (MSRD) is the dominant quantity which dictates the change of relevant physical and chemical properties of nanosolids.
In general, at the nanometer scale, the magnitude of vibration of surface atoms will be enhanced largely, which can be characterized as the function of MSRD:
〉. 5 Physically, the σ 2 is connected with the Debye-Waller factor W ) e -2k 2 σ 2 , which is experimentally accounted for in the X-ray absorption fine structure (XAFS). 6 In addition, there are a variety of theoretical approaches to calculate σ 2 based on the Debye approximation and harmonic approximation. [7] [8] [9] [10] [11] For example, Balerna et al. 11 demonstrated that the effective Debye temperature and MSRD of Au cluster and that of the bulk could be tuned by external temperature, which was confirmed by X-ray absorption spectroscopy in the temperature range 16-300 K in experiment and also verified by using a free-bounded sphere density of states for finite systems in calculations. It is interesting to note that the surface mode contribution of nanoclusters can largely influence the MSRD. Also, Hou and co-workers 10 revealed that the strong relaxation takes place at the Co cluster-Ag matrix interface due to cluster size dependent atomic arrangements. The atomic vibrational properties at the interface depend functionally on cluster size and a discontinuity of the amplitudes at the Co/Ag interface. Furthermore, Jiang et al. 9 reported the temperature and size dependence of atomic MSRD for nanocrystals on the basis of temperature and size dependence of Debye temperature. Interestingly, Ikemoto et al. 12 suggested that the Einstein frequency or Einstein temperature shows unique properties due to the different interaction of intrachains and interchains of trigonal tellurium. However, little has been known insofar from the perspective of the atomistic origin about the quantitative MSRD in nanosolids under the conditions of coupling effects of high pressure and high temperature. 10, 13 In this paper, we developed a solid size, pressure, and temperature dependence of Debye temperature to elucidate the total MSRD of a nanosolid. Importantly, the theoretical predictions made on the basis of the proposed model are in agreement with the experimental measurements and simulations results.
Principle
As it is well-known, the Debye temperature is a key parameter that determines thermal transport dynamics properties. According to Lindemann's assumption, melting occurs when the rootmean-square thermal average amplitude of vibration reaches a fraction of bond length. In combination with Einstein's explanation of the low-temperature specific heats of solids that the atoms vibrate as quantized harmonic oscillators, a simple relationship between the Debye temperature and the melting point is as follows:
, where c, M, T m , and V are the empirical parameter, the molecular weight, the melting point, and the molar volume, respectively.
14 Also, T m corresponds to atomic cohesive energy as T m ) nE c f 2 /3k B Z, where n, Z, f, k B , and Z represent the exponent of the repulsive part of the interaction potential between constituent atoms, the valency of the atoms, the characteristic fraction which is the ratio of the atomic displacement at T m to the interatomic separation at equilibrium, and the Boltzmann constant, respectively. [15] [16] [17] Thus, the relationship among the Debye temperature, the melting point, and the cohesive energy yields Conventionally, the cohesive energy of a solid is defined as the energy required to break the atoms of the solid into isolated atomic species. For an isolated atom, E C ) zE b , where z and E b are the atomic CNs and the single bond energy in bulk, respectively. Taking into account the shell-core configuration of a spherical nanoparticle containing N atoms, the cohesive energy under the conditions of external stimuli with pressure and temperature approach is given by with and where η 1i (t) and η 1 (t) are, respectively, the heat capacity per coordinate in the surface layer and that of the bulk. z b is the CN of core bulk. E i s represents the single bond energy in surface shell. ∆E R (R ) p, T) denote the energy gain due to the p and T, respectively. i is the ith atomic layer, which may be counted up to three from the outmost atomic layer to the center of the solid. c i is the CN dependence of the bond-contraction coefficient, extending from Goldschmidt, Pauling, and Feibelman's premise of atomic CN and atomic radius correlation and the extended bond-order-length-strength (BOLS) correlation. 18 The index m is a bond nature indicator, which is an adjustable parameter introduced to describe the change of single bond energy. Normally, for metals, m is around 1, whereas for compounds and alloys, m is around 4, respectively. 18 Noticeably, in our method we deal with the first three atomic shells from the outermost atomic layer to the center of nanosolids, as no apparent CN reduction is expected for the core part (i > 3). It is well-known that the radius of atoms would shrink as the CN of an atom is reduced. Thus, the CN imperfection will shorten the bonds of the undercoordinated atoms. In general, the contraction of spacing between the first and the second atomic surface layers plays the dominant role based on the experimental observations and numerical calculations. 19, 20 So, as a first order approximation, taking into account the first three atomic layers of nanosolids is reasonable.
On the other hand, the distortion energy, ∆E p , can be obtained by the integral area based on the p-V relationship. 21 Actually, the shell-core configuration cannot only be used to describe spherical nanoparticles but also be suitable for other nanostructures such as nanofilms, nanowires, and nanocavities. For a nanoparticle, D has the usual meaning of diameter. For a thin film, D denotes its full thickness and so on.
In terms of eq 2, we have with where γ i ) N i /N ) τ(2hc i )/D is the surface to volume ratio, in which τ and h are shape factor and atomic diameter, respectively. Note that, for thin film (τ ) 1), a rod (τ ) 2), and a spherical dot (τ ) 3), z ib is the ratio between the CNs in the surface layer and that of the bulk. Thus, substituting eqs 2 and 3 into eq 1, we obtain the equation for the Debye temperature of nanosolids under the applied pressure and temperature:
It is noted that the total MSRD of particles in the bulk can be calculated by the classical relation, i.e., 〈σ
, where M, k B , and p are the mass of the atom, Boltzmann's constant, and Plank's constant, respectively. 10,11 x ) pω/k B T, with ω being the vibrational frequency. Extending the above relation into nanoscale by replacing θ D with respect to the function on the solid size, pressure, and temperature where it can be determined by eq 5, we get
Results and Discussion
According to the established model above, we calculate cohesive energy of metallic nanosolids under the condition of applied coupling stimuli. Calculations of the ratio between E C (D, T), E C (p, T), and E C B based on eq 3 are shown in Figure 1a and 1b, respectively. With a given solid size of 3 nm, 5 nm, and the bulk of Au, the E C (D, T)/E C B exhibits apparent size and temperature effects. Also, at the given temperatures of 300, 500, and 1000 K, the values of E C (p, T)/E C B become larger in comparison with those of low pressures. The shorter and stronger surface bonds in nanosolids and the applied stimuli such as pressure and temperature will modify the cohesive energy of atoms in the host matrix.
Furthermore, in order to confirm and identify the above results and the total MSRD of nanosolids, we calculate the size dependent Debye temperature for Au nanofilms using eq 4.
Meanwhile, in terms of the model proposed by Yang et al., we calculated the Debye temperature of Au nanofilms, as shown in Figure 2 . Clearly, the theoretical predictions are well consistent with the available experimental measurements and Yang's results. 22 From Figure 2 , we can see that the Debye temperature of Au nanofilms drop generally with solid size. Results indicate that the cohesive energy of the undercoordinated atoms z s E b s is smaller than those of the core bulk. On the other hand, the pressure dependent Debye temperature of ε -Fe at 300 K is shown in Figure 3 . According to the eq 4, the energy gain will be enhanced by the applied pressure because the applied pressure would enhance the unit cell distortion energy (∆E p ). Also, the thermal energy required for weakening the interaction between atoms is a certain portion of the atomic cohesive energy. From Figure 3 , the Debye temperature increases smoothly with increasing the external pressure. The trend of theoretical predictions agrees with the available experimental results. Thus, the external stimuli such as pressure and temperature can be treated as perturbations of the Hamiltonian, which is in good accordance with our previous considerations. 23 Additionally, strictly speaking, the MSRD in each atom layer is different. In our method, we calculated the total MSRD of nanosolids based on eqs 4 and 5. From eq 5, the total MSRD is determined by the Debye temperature of systems. Figure 4a displays the size and temperature dependent total MSRD function of Co nanoclusters based on eq 5, while Figure 4b shows the coupling stimuli from the pressure and temperature of Au. Clearly, the total MSRD of nanosolids increases with T and the decrease of D. It is found that the variation trend using eq 5 is consistent with the simulation results, 9,10 as shown in Figure 4a . The change of total MSRD with T and D represents that a drop of solid size has a similar influence of enhancement of T. On the other hand, the total MSRD will depress with increasing the applied pressure. As expected, the applied pressure has an opposite effect of the increase of T and the similar effect of decreasing solid size. Accordingly, the total MSRD can be tunable with intrinsic size and applied stimuli, which concludes that the phase transition and relevant properties of nanosolids could be effectively predicted.
Conclusion
In summary, we have developed an analytic model to pursue the atomistic mechanism of the Debye temperature and the total MSRD of nanosolids under high pressure and high temperature. Introducing the joint effect of CNs imperfection to the shell of nanosolids and energy gain under the condition of applied stimuli has led to a new energy state that revolves around the cohesive energy, the Debye temperature, and the total MSRD. This approach allows us to discriminate the contributions from surface effect with bond order loss and the external stimuli of nanosolids. The consistency between theoretical predictions and available evidence suggests that the energy state in the surface skins of nanosolids is different from the core bulk. The developed approach not only provides the physical origin of Debye temperature, atomic cohesive energy, and total MSRD estimation but also indicates an effective way to tune the related physical and chemical properties.
